Hydroentanglement describes a versatile process for manufacturing nonwoven fabrics using fine, closely spaced, highvelocity jets of water to entangle loose arrays of fibers. The resultant fabrics rely primarily on fiber-to-fiber friction to achieve physical integrity and are characterized by relatively high strength, flexibility, and conformability. These technologies can use efficiently the majority of all types of fibers and produce fabrics that could achieve properties equivalent to wovens.
All other processing conditions were kept constant. The fabrics are referred to as P1-P5 for polyester and N1-N5 for nylon. Table 1 shows the total energies for each pass.
The hydroentangling energy calculation is based on Bernoulli equation that ignores viscous losses throughout the system. Having the manifold's pressure, P 1 , the jet velocity is:
Where ρ = 998.2 kg/m 3 is the density of water at room temperature, P 1 is the pressure in Pa, and V 1 is in m/s. Note that 1 bar is equal to 10 5 Pa. Rate of energy transferred by waterjet is calculated as follows:
where d is diameter of the orifice capillary section in meter (0.127 mm in the system used), C d is the discharge coefficient, and Ε is energy rate in J/s. Specific energy is calculated based on the following formula:
where M is the mass flow rate of the fabric in Kg/s and is calculated as follows:
Therefore, SE will be obtained in Joules per kg of fabric. This can also be expresses as Watts per kg of fabric.
All samples were formed on a 100 mesh belt at a speed of 120 feet per minute.
Sample images are given in Figure 1 . As may be noted, the images have sufficient detail for analysis.
Methods
All samples were tested to determine their structure as well as their critical mechanical properties.
The planar ODF (fiber Orientation Distribution Function in xy) were determined for each fabric by using our previously reported optical image analysis system [2] [3] [4] [5] . For each fabric, 15 images were captured and analyzed. These images represent through the thickness ODF. This is possible because of the LED lighting system that is used in our imaging system. Details of the system have been given before [5] . The analysis method chosen is one based on the Fast Fourier Transform of the image. We have shown previously that this method is quite robust even in the presence of noise and that the results correlate well with mechanical and physical properties of the earlier nonwoven samples.
Directional mechanical properties were investigated by conducting bending and tensile tests on samples cut azimuthally at 18 degree intervals. Bending measurements were performed by the Cantilever method and tensile tests were performed on an Instron tensile testing machine. The nonwoven sample strips, 25.4 mm (1 in) wide, were tested at a gage length of 101.6 mm (4 in). The tensile tests were carried out at 100%/min extension rate. Five strips were tested at each angle. The samples were first used to determine their bending rigidity with the cantilever test method before the same samples were tested on the tensile testing machine.
Fabric thickness was determined at a force of 0.5 grams per cm 2 for all webs. The mechanical properties and the effects of hydrontangling energy are discussed below.
Results and Discussion
We start our discussion by examining the structure of the samples made and also examine the role of the process on possible structural changes that may accompany higher entanglement energy levels. Finally, we will report on the critical mechanical properties of these samples and examine the role of the process and structure on mechanical performance.
Structure and Structural change with Hydroentangling
The fiber Orientation Distribution Function (ODF) results are shown in Figure 2 for the Series 1 samples in polyester and nylon. It may be noted that these do not appear to be significantly different. We have documented previously that a best method for determining if two ODF distributions are different is to use a chi-square test [6] . When we use the chi-square procedure, we find that these distributions are indeed not different. As may be noted, both ODFs exhibit a machine direction (90 degrees in the graphs) dependency in both. These are typical of carded webs, even the randomized carded webs studied here.
The ODF was also examined for each hydroentangling energy level to determine if the orientation would be affected by the amount of energy the web experiences. The results are shown in Figure 3 .
It may be noted that the ODF remains essentially unchanged. The anisotropy ratios are not significantly different. It must be noted that using a more open forming surface may potentially lead to a change in the ODF locally and perhaps globally, but for closed forming surfaces this does not appear to be the case.
It is expected that higher energy levels result in a higher level of densification of the web leading to a change in fabric thickness. Fabric thickness was determined at a force of 0.5 grams per cm 2 for all webs. The results are shown in Figure 4 .
Note that the results for the first energy level (0.31) are not reported in Figure 4 . The reason is that the fabrics were loose and high loft and highly compressible. Consequently, the thickness values could not be measured reliably. It may be noted that thickness reduces with energy up to an energy level of ~1.6 KW/Kg and then increases somewhat. This increase was somewhat unexpected, but is probably due to much entanglement and probable dimensional changes in the fabric beyond this energy level. This is supported by the data shown in Figure 5 where it appears that at the highest energy level used, the fabric basis weight increases somewhat although this data is not statistically conclusive. The only plausible explanation is that the structure density has increased locally through possible dimensional changes. If we determine the structures' packing factor, we find that a maximum is reached for polyester quickly, but that nylon can continue to become densified (entangled) at higher pressures ( Figure 6 ).
Figure 2 PLANAR ODF FOR POLYESTER (LEFT) AND NYLON (RIGHT) SAMPLES

Figure 3 PLANAR ODF FOR POLYESTER (LEFT) AND NYLON (RIGHT) SAMPLES AT DIFFERENT ENERGIES
Directional Mechanical Properties -Bending
The directional bending results as function of energy are summarized in Figure 7 for a typical sample from each series. It is immediately clear that the general behavior (shape of the curves) is unaffected by energy. The peaks shift with energy, reach a maximum and then decline.
It may also be noted that bending rigidity in general follows the planar ODF trend regardless of the hydroentangling energy level. Both P3 polyester and N3 nylon samples show the highest bending rigidity values respectively followed by a decline. This is quite evident in Figure 8 where the average and standard deviations for bending rigidity for the machine direction (which shows the highest peaks) are summarized.
It may also be noted that, from a fabric bending perspective, it appears that nylon is less sensitive to hydroentangling energy and forms a less stiff fabric. Polyester however, peaks and additional energies will lower its stiffness. It is well known that fiber stiffness in an important parameter influencing fabric stiffness and the two key factors determining fiber stiffness are the fiber's modulus and diameter according to the equation given below:
In the case of our samples, the nylon fibers have a larger diameter than the polyester fibers because the nylon fiber density is lower and its denier is higher. However, the modulus of nylon is significantly lower than that of polyester leading to a lower overall bending rigidity of the nylon fibers.
Directional Mechanical Properties -Tensile Strength
Typical stress strain curves for both sets are shown in Figure 9 .
As specific energy increases from Series 1 through 5, the polyester samples show a gradual increase in their tensile modulus and stress to failure followed by a decline. The nylon samples show a slight increase in tensile modulus and stress to failure and then a sudden change followed by a sharp decline. This appears to indicate that nylon is more sensitive to changes in energy with respect to tensile behavior. It will be recalled that in terms of bending, nylon showed a slight increase with energy followed by a plateau. Polyester, on the other showed a sharp increase followed by an equally sharp decline. Directional tensile results as function of energy are summarized in Figure 10 for all energy levels. Note that the results discussed above are confirmed regardless of the energy level. Increases in tensile are followed by a sharp decline after a critical energy level. It is interesting that the critical energy level appears to be the same for both nylon and polyester. This is true in terms of bending as well as tensile.
The peak tensile failure stresses (in the machine direction) are summarized in Figure 11 where the average and standard deviations are plotted for both sets. The results for peak failure strain (in the machine direction) are summarized in Figure 12 . The results are quite unexpected. The polyester samples show no trend as a function of energy. That is, all samples regardless of the hydroentangling conditions show a similar strain to failure. The nylon set, however, appears to show an increasing trend with energy. Note however, the degree of variability of the data. The nylon set also shows a higher strain to failure than the polyester set regardless of the hydroentangling energy. This may be indicative of the fact that these two fibers entangle quite differently, and that nylon continues to further entangle with energy than polyester.
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Nylon samples appear to possess a lower tensile strength than their polyester counterparts even though it appears that they are more highly entangled. It appears based on the data presented in Figure 12 that nylon fibers "unentangle" by slippage while polyester fibers tend to break before they slip next to one another. This aspect must be studied further before solid conclusions are drawn.
Conclusions
Our preliminary results indicate the following:
• Hydroentangling energy has a significant effect on mechanical performance.
• Bending rigidity reaches a maximum and then declines with hydroentangling energy
• Tensile failure stress reaches a maximum and then declines with hydroentangling energy
• Trends are similar for both PET and PA.
• Energy (KW/Kg) Energy (KW/Kg)
• ODF remains constant with energy • Fibers are not rearranged during the process globally after they have been pre-consolidated. Local rearrangement is more likely with an open belt.
• Peak performance corresponds to dominant orientation • Nylon appears to be more readily entangled than polyester. Possible explanations are nylon's
• Lower bending rigidity (especially when wet)
• Lower glass transition (especially when wet) It must be noted that these are preliminary results for a very small set of samples. Additional work is underway and we hope to unveil the differences that exist among different fibers fully. These will be reported in future publications. 
